structures and the rates at which RNA sequences fold into these structures is very useful for various practical applications and theoretical studies of RNA molecular biology and evolution. In general, the rate of folding into either the secondary or tertiary structure can be experimentally predicted for RNA sequences of varying lengths (e.g., see [3, 4] ). In contrast, it is very difficult to predict the folding rate for reasonably long RNA sequences by theoretical means. This is due, particularly, to the large number of very long, independent stochastic simulations required to predict the folding rates of such sequences [5] . In order to circumvent these computational difficulties, attempts have been made to develop indirect metrics for predicting RNA folding rates with fewer computational demands. One such metric [6] requires knowledge of both the collapse and folding transition temperatures of the RNA sequence whose folding rate is of interest. These temperatures are not always easy to estimate. Another metric is the relative contact order (CO), defined as:
where N c is the total number of contacts found in the structure of the RNA sequence under consideration, L the length of the sequence, and ∆ L ij the number of bases found between the i th and j th contacting bases [3, 7] .
The relative CO was previously shown to correlate well with the logarithm of experimentally determined folding rates of short protein sequences [7] . A seminal study that applied this metric to 10 RNA sequences of varying lengths demonstrated, for four of the sequences, good correlation with the logarithm of the experimentally determined RNA folding rate [3] . The results of this particular study suggested that the RNA sequences could be divided into two classes, one consisting of six sequences that fold rapidly and in a manner that is independent of the relative CO, and the other consisting of four sequences that fold slowly, at rates that correlate with the relative CO. A similar classification of the sequences was suggested by results obtained using a variant of the relative CO, called the reduced CO. The reduced CO is also given by (1), with the important difference that only non-Watson-Crick contacts are considered. The motivation for the reduced CO is that non-Watson-Crick contacts may occur during tertiary (as opposed to secondary) structure formation. If tertiary structure formation constitutes the rate-limiting step in the RNA folding process, then consideration of non-Watson-Crick contacts may improve the ability to predict RNA folding rates [3] .
However, previous work (e.g., [8, 9] ) suggests that there can be considerable RNA secondary structure rearrangement following the formation of tertiary contacts, and mutations that stabilize the native secondary structure can substantially increase the overall RNA folding rate, suggesting that tertiary structure formation is not necessarily folding-rate-limiting. In this letter, we show that by accounting for differential contributions of both Watson-Crick and non-Watson-Crick contacts toward the stabilization of RNA structures the folding rates of the RNA sequences analyzed in [3] can be predicted with reasonable accuracy.
RESULTS AND DISCUSSION
Both the relative and reduced CO metrics described above do not account for the differential energetic contributions of RNA base contacts, and for the entropic costs associated the nucleation of RNA helices. These parameters are critical to RNA folding kinetics [10] . In particular, RNA folding involves the formation and dissociation of base contacts at rates that depend on the contacting bases, the structural context, and the folding environment (e.g., temperature and ionic concentration). . b In practice, the type of transformation that is applied to the distance should be dictated by the magnitude of the energetic contributions associated with base contacts; the magnitude of the distance should not be substantially greater than the magnitude of the energetic contributions.
More specifically, we approximate the folding time (i.e., the reciprocal of the folding rate) of an RNA sequence by the following contact-waiting-time (CWT) metric:
We employ one of the simplest biophysically motivated We use T = 37 o C = 310K. A MATLAB code that calculates the CWT given an RNA sequence and secondary structure accompanies this letter as supplementary material.
We applied the above CWT metric to the RNA sequences previously analyzed in [3] with the goal of predicting the logarithm of the folding rates of those sequences. The results (see Table 1 & Figure 1 ) show good correlation (correlation coefficient: -0.95, p << 0.01) between the CWT and the logarithm of the folding rate. This was better than the correlation (correlation coefficient: -0.39) obtained by using the reduced CO (see Figure   1 ). These results suggest that the incorporation of (sequence-based) information about differences in the energetic contributions of base contacts into measures of RNA structural complexity, such as the relative and reduced CO metrics [3, 7] , could perhaps improve the prediction of RNA folding rates with these two metrics. The usefulness of c GU, AU, and GC contacts involve the formation of one, two, and three hydrogen bonds, respectively, and each hydrogen bond can contribute up to 1kcal/mol to the thermal stability of an RNA structure [10] .
such improved metrics for the prediction of, for example, genomic sequences that encode functional RNA molecules and the elucidation of biophysical constraints on RNA evolution are interesting topics for future research. Figure 1 . Relationship between the logarithm (to base e) of the RNA folding rate (in units of sec -1 ) and both the contact-waiting-time (CWT) metric and the reduced contact order (RCO). Empirical estimates of the folding rate and the CWT are given in Table 1 .
Estimates of the RCO were extracted from Figure 3 of [3] . The figure shows a strong linear relationship between the logarithm (base e) of the folding rate and the CWT: log e (folding rate) = -5.2798×10 -1 CWT + 3.7118. R 2 denotes the square of the correlation coefficient. CWT was computed using Eqn. (2) . Experimentally determined folding rates were copied without modification from [3] , except in the case of the hairpin ribozyme, two-way junction whose folding rate was calculated as min(K dock , K undock ) rather than (K dock +K undock ), as was done in [3] (Note that the minimum of K dock and K undock is rate limiting. Hence, it is a more appropriate estimate of the folding rate). The sequences and secondary structures of the displayed RNAs are given in Table S1 .
To illustrate one possible application of the CWT metric, we used the above mentioned linear relationship between the metric and the folding rate (see the legend of Figure 1 ) to predict the folding rates of group II introns from a variety of species. Group II introns are large RNA molecules that perform a variety of catalytic functions in bacteria, lower eukaryotes, and plants [11] . Existing estimates of the folding rates of these important RNAs are largely based on the ai5γ model group II intron derived from
Saccharomyces cerevisiae [11] . This model intron, which contains only a subset of the six domains normally found in the structure of the intact intron, was found to fold slowly.
Knowledge of the folding rates of intact group II introns could be useful. Therefore, we downloaded the sequences and secondary structures of group II introns from the Comparative RNA database of Gutell and co-workers [12] . We predicted the folding rate (at 37 o C) of the first intron listed for each species (see Table 2 ). The results suggest that all the analyzed introns fold slowly relative to other known RNAs. The harmonic mean of the predicted folding rates is ~2.4×10 -3 sec -1 , which is within an order of magnitude of the folding rate of ai5γ (i.e., ~1.7×10 -2 sec -1 ), determined experimentally at 42 o C [11] . These predictions can be tested experimentally. ..(((...........)) )... (((((((................) )))))) (( ((((....) )))))........ (((((((.((...((((..(((.....) ((((((................... ))))))))))))))))).(( ((((((.....) (((((.((......) )))))..... ((((())) ))))))......... )))))((()))((()))))))....))))))) (((((....) ))))))))..(((.....)))....) ))....).)))))))... (((((....) ))) )))))..(((.....)))....)))....).)))))))...))))))...)).)) ((((.....) )))))))..))))...))... ((((((.((((((((((((((.(((((( ((((.....) ))))))))).
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Tetrahymena
Sequences and secondary structures were taken from [13] [14] [15] [16] [17] [18] . 
